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ABSTRACT OF THESIS

ASSESSING EAR PINNA REPAIR IN THE MRL/MpJ MOUSE STRAIN

The outcome of tissue repair varies across species. Vertebrates such as salamanders have
the ability to not only heal scar-free, but also completely regenerate lost appendages. In
contrast, most mammals heal their wounds with fibrotic scaring. Understanding the key
drivers of these divergent injury responses remains a major unanswered question in
animal biology. Previous work with the Murphy’s Roth Large (MRL/MpJ) inbred mouse
strain suggested they have the ability to rapidly close small (2mm) ear holes. While this
ability was originally published as an example of regeneration, subsequent work by other
groups suggested that it might represent something more akin to hyper-fibrosis. Thus, the
ability of MRL/MpJ mice to heal ear hole punches by regeneration or via fibrotic repair
(scarring) remains unresolved. The purpose of this study was to analyze ear hole closure
in the MRL/MpJ strain across a range of hole sizes and to characterize the healing
process. Moreover, I tested multiple hypotheses that could explain rapid closure of small
ear holes including: MRL/MpJ mice exhibit enhanced cell proliferation, increased ECM
gene expression, synthesis and deposition, and that they exhibit hyperinflammation
compared to control outbred strains. We found marginal, albeit weak, support for all three
hypotheses supporting faster closure of ear punch injuries but did not find evidence of
tissue regeneration.
KEYWORDS: Hyper- fibrosis, MRL/MpJ mouse, wound healing
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CHAPTER 1. INTRODUCTON
1.1

Wound Healing
Animals respond to complex tissue injuries in a multitude of ways ranging from

complete regeneration to non-functional repair with scar tissue. Understanding the key
drivers of these divergent injury responses remains a major unanswered question in
animal biology (Wagner and Misof 1992, Alvarado 2000). Fibrotic repair, observed as an
excess deposition of collagen in response to tissue injury characterizes the normal
healing response in most mammals, including humans (Clark 1988). This repair process
and the exacerbated outcomes observed in certain pathologies (e.g., chronic ulcers
associated with diabetes mellitus as well as hypertrophic scarring) represent major
clinical and socio-economic hurdles. The development of innovative strategies to
alleviate fibrosis or stimulate regeneration is therefore an important area that requires a
more thorough understanding of how injury induces fibrosis and how fibrosis is resolved.

1.2

Regenerative Animal
Animal models of regeneration include single cell organisms (Stentor),

invertebrates (planaria, Hydra, annelids, etc.) and vertebrates (salamanders, newts, lizards
and fishes). Mammalian models of complex tissue regeneration, however, are rare.
Previous work has shown that amputating the last interphalangeal joint in the distal digit
tip of, mice results in regenerative healing (Borgens 1982, Fernando, Leininger et al.
2011). Rabbits can regenerate full thickness ear hole punches regardless of ear hole size
(Joseph and Dyson 1966, Goss and Grimes 1972, Gawriluk, Simkin et al. 2016). More
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recently, spiny mice have emerged as a model of complex tissue regeneration capable of
regenerating full thickness skin injuries and small and large ear holes previously work
showed that African spiny mice are capable of regenerating the full-thickness skin
injuries (Seifert, Kiama et al. 2012, Brant, Yoon et al. 2016, Gawriluk, Simkin et al.
2016, Matias Santos, Rita et al. 2016, Jiang, Harn et al. 2019). Despite these examples of
complex tissue regeneration, there remains a contention that mammals generally are
unable to regenerate tissues and organs.

1.3

Controversy Surrounding MRL/MpJ Mice
In 1998, a study was published detailing an observation that Murphy’s Roth Large

(MRL/MpJ) inbred mice could close small (2mm) ear holes and the author referred to this
phenomenon as tissue regeneration (Clark, Clark et al. 1998). This study included
evidence of re-epithelialization in MRL/MpJ mice two days post injury, where a similar
speed of re-epithelialization was not observed in C57BL6 mice after eight days post
injury. (Clark, Clark et al. 1998). Furthermore, a significant difference in the degree of
angiogenesis, cell proliferation, connective tissue matrix formation, fibroblast migration,
and ECM deposition was described between the two strains. Subsequent studies by this
and affiliated groups published evidence suggesting that these mice could regenerate
hearts, spinal cord and skin injuries (Heber-Katz 1999, Leferovich, Bedelbaeva et al.
2001, Heber–Katz, Leferovich et al. 2004, Thuret, Thallmair et al. 2012). However, with
the exception of the ear hole experiments, unaffiliated laboratories failed to reproduce
findings in these organ systems (Colwell, Krummel et al. 2006, Robey and Murry 2008,
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Moseley, Faircloth et al. 2011, Smiley, Smith et al. 2014) and the general consensus
emerged that these organ systems were incapable of bonafide regeneration.
In 2016, a study examining ear pinna repair across different rodent species and
inbred and outbred mouse strains demonstrated that regeneration does not occur in
MRL/MpJ ear pinna injuries (Gawriluk, Simkin et al. 2016). In contrast, this study
showed that Orytolagus cuniculus (New Zealand white rabbit) and two Acomys species
(spiny mice) could regenerate ear tissue regardless of hole size (2mm, 4mm or 8mm).
Although, MRL/MpJ mice could close small (2mm) ear holes, they healed 4mm ear holes
with scar tissue, albeit with a faster rate of ear hole closure. Thus, by using multiple size
holes to analyze regeneration, wound size did not appear to limit regenerative ability in
regenerating species, Orytolagus and Acomys. This analysis suggested a fundamental
difference between the ear hole closure observed in MRL/MpJ mice and spiny mice and
rabbits and hinted at a mechanism other than regeneration driving closure of small ear
holes in MRL/MpJ mice.

1.4

Introduction of MRL/MpJ Mice
The MRL/MpJ strain of mice, known as Murphy’s Large Roth, is an inbred strain

of M. musculus that was originally generated by interbreeding C57BL/6 J (0.3%),
C3H/HeDi (12.1%), AKR/J (12.6%) and LG/J (75%) strains (Theofilopoulos and Dixon,
1985, Clark et al., 1998). The MRL/MpJ mice are the parent and control strain for
MRL/MpJ-Faslpr strain. The MRL/MpJ-Faslpr are homozygous for the
lymphoproliferation spontaneous mutation (Faslpr) (Murphy 1978, Watanabe-Fukunaga,
Brannan et al. 1992). Despite carrying the normal Fas gene, MRL/MpJ mice also display
3

autoimmune disorders, although these symptoms appear much later in life than those of
the MRL/MpJ-Fas lpr mice (Hewicker, Kromschröder et al. 1990, Ratkay, Tait et al.
1994). The levels of circulating immune complexes increase greatly in the MRLFaslpr mouse beginning around three months of age, but not in the wildtype control,
MRL/MpJ strain (Hewicker, Kromschröder et al. 1990).
MRL/MpJ mice, and the ancestral strain LG/J, display heightened ear hole closure
relative to a panel of other inbred strains (Rajnoch, Ferguson et al. 2003). Comparative
analysis between MRL/MpJ-Faslpr and C57BL/6 mice found different genes and proteins
expressed during tissue healing using microarray and SELDI ProteinChip (Li, Mohan et
al. 2001). These alterations in gene expression suggested a reduced inflammatory
response and an earlier transition into tissue repair in MRL/MpJ-Faslpr mice (Li, Mohan
et al. 2001). In spite of these results, a definitive explanation for the increased rate of
closure observed for small ear hole in MRL/MpJ mice remains unresolved.

1.5

Goals of Study
In this study, we tested multiple hypotheses in an attempt to explain the observed

faster closure rate in MRL/MpJ ear punch injuries compared to outbred Swiss Webster
mice. These included, (1) increased cell proliferation, (2) increased ECM deposition and
(3) a hyper-inflammatory response. We tested these by directly comparing 2e and 4-mm
ear hole punches and calculating proliferative index in the healing tissue. We tested
whether MRL/MpJ connective tissue cells produce significantly more ECM via gene and
protein expression analysis. Lastly, we accessed inflammatory magnitude by comparing
the number of macrophages present in healing tissue.
4

CHAPTER 2. METHODS
2.1

Animal Care and Housing
Three-week-old MRL/MpJ mice (Jackson Laboratories - JAX stock #000486) were

obtained from breeding homozygous parents and Swiss Webster (Mus musculus) were
obtained from Envigo (Hsd:ND4). Both strains were housed at the University of
Kentucky, Lexington, KY in ventilated cages, fed 18% protein mouse chow (Teklad
Global 2918) and kept on fluctuating light cycles where natural light was provided
through windows. Males and females were used for our first set of experiment , however
we used only males for the rest of the experiments due to our previously publication
showing there is no difference between males and females (Gawriluk, Simkin et al.
2016). All animal procedures were approved by the University of Kentucky. Institutional
Animal Care and Use Committee (IACUC) under protocol 2019-3254.

2.2

4-mm Ear Punch Assay
For ear punch, animals were anesthetized with 3% vaporized isoflurane (v/v) (Henry

Schein Animal Health, Dublin, OH) at 1 psi oxygen flow rate. A 4 mm biopsy punch
(Sklar Instruments, West Chester, PA) was used to create a through-and-through hole in
the center of the right and left ear pinna. Ear tissue was collected at specified time points
with an 8 mm biopsy punch (Sklar Instruments, West Chester, PA) circumscribing the
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original injury. Following injury, animals were anaesthetized every five days until D35
and then at D60 and calipers were used to measure the diameter along the proximal–distal
(PD) and anterior–posterior (AP) axes for each ear hole. D85 was the end of the
experiment for all animals. Ear-hole area was calculated for an ellipse to account for any
unevenness in closure along either axis using the following equation:
𝐴 = 𝜋 𝐷𝑃𝐷 ∗ 𝐷𝐴𝑃/4

2.3

Tissue Preparation and Histology
Tissue from healing ear pinna was sampled at specific time points using an 8-mm

punch biopsy at D5, 10, 15 and at the end of the experiment (D85). Collected tissue was
placed into 10% (v/v) neutral buffered formalin (American Master Tech Scientific Inc.,
Lodi, CA) and incubated at 4°C overnight with agitation. The following day, tissue was
washed three times with PBS, one time with 30% (v/v), one time with 50% (v/v) and one
time with 70% (v/v) ethanol and stored at 4 °C in 70% (v/v) ethanol. All tissue
processing was done at the University of Kentucky using a rapid microwave histoprocessor (Histo5, Milestone Medical, Roseland, NJ). Tissue was embedded in paraffin
(Leica Biosystems, Buffalo Grove, IL) and 5-µm sections were placed onto Superfrost
Plus slides (Fisher Scientific). Tissue sections were processed for routine histology and
stained with Masson’s trichrome, H& E and Picrosirius red.

2.4

Immunohistochemistry
Immunohistochemical and immunofluorescent staining were performed on paraffin-

embedded tissue sections that were deparaffinized and rehydrated and stained with
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specific primary antibodies. Antibodies included AIF-1/Iba1(Novus #Cat NB100-1028),
Anti Iba1 Rabbit (WAKO, #Cat 019-19741), Mouse MMR/CD206 Antibody (R&D #Cat
AF2535), Anti-Ki67 antibody (Abcam #Cat ab15580), Phospho-Rb (Ser807/811) Rabbit
(Cell signaling #Cat 8516), Phospho-Histone H3 (Ser10) Antibody (cell signaling
Cat #9701).Utilizing either Alexa Fluor-conjugated streptavidin or horseradish
peroxidase-conjugated streptavidin for 3, 30-diaminobenzidine (DAB) conversion
(Invitrogen, Carlsbad, CA) for detection. Nuclei were counterstained with either 10
mg/ml Hoechst for fluorescence or Mayer’s haematoxylin for bright-field visualization.
Coverslips were mounted using either ProLong Gold mounting medium (Invitrogen,
Carlsbad, CA) for fluorescence or XySeal for bright-field visualization. In order to detect
cells in S-phase, the animals were administered 10mg/kg of EdU intraperitoneally
3 hours prior to tissue collection. Detection was carried out on formalin-fixed, paraffinembedded tissue sections using the Click-it chemistry 67.

2.5

Microscopy and Image Acquisition
Using an Olympus IX83 microscope at 20x magnification, three photomicrographs

were taken within the center of the injury to quantify the total number of positive cells.
Using an Olympus BX53 light microscope to view under polarized light to visualize thin
and thick collagen fibers.
ImageJ Cell Counter plugin was used to calculate cells count. nuclear morphology and
immuno-positive staining have been included during cell counting. A percentage of total
area (pixels) in the region of interest (scab, epidermis, and cartilage plate excluded) has
been reported to represent total positive cells. All images represent three biological
7

replicas unless otherwise specified in the legend. All images were assembled using
Adobe Photoshop software.

2.6

Statistics
To appreciate the kinetics of ear-hole closure, mean ear-hole size versus day post

injury was graphed for both strains. The hole area from one ear (left or right) was used
per individual that did not tear for data or was collected for histology throughout the
entire experiment. In all tests, significant differences were defined to be when the P value
was < 0.05. In order to analyze immune-positive cells, for each marker, the percentage of
immune-positive signal as a fraction of total DAPI positive area was determined by a
two-way ANOVA testing for strain, day, and strain*day interaction. When noted, a
Tukey's multiple comparison test was applied using JMP 14 Data analysis software
(JMP® Pro 14.0.0) and annotated in Illustrator (Adobe Creative Suite 6, San Jose, CA).
In figure legends, standard error of mean (S.E.M.) and statistical significance values of
graphs are indicated. The sample size (n) is given in each figure legend
which corresponds to biological replication size (n = number of distinct animals).

2.7

Quantitative PCR With SYBR Green
An 8-mm punched ear tissue from the healing margin was collected and snap-

frozen in liquid nitrogen from sexually mature males MRL/MpJ and Swiss Webster at
D0, D10 and D15 after the 4-mm punch assay. Ear tissue RNA extraction has been done
using bead lysis kit (Next Advance) in Trizol reagent. Using Chloroform to extract and
isopropanol to precipitate the RNA and one 70% EtOH wash prior to drying the pellet
8

and resuspending the RNA in water. RNA integrity has been checked by gel
electrophoresis. Nanodrop optical density reader has been used to check RNA quantity
and quality. 500 ng of RNA has been converted to cDNA using SensiFAST cDNA
synthesis Kit (Thomas Scientific) according to the manufacturer instructions. Lastly,
quantitative PCR was performed on a Roche 96 light cycler using SYBR Green
(QuantaBio) with the primers we used in our previous study.
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CHAPTER 3. RESULTS
3.1

MRL/MpJ Mice Completely Close 2-mm Ear Holes but Fail to Close 4-mm Ear
Holes
In order to analyze ear hole closure in MRL/MpJ mice, we first used ear punch

assays to determine closure rate compared to outbred Swiss Webster (SW) control mice.
Using 2 mm and 4 mm ear-hole punches, we found that by D60 of the experiment, almost
all MRL/MpJ (7/10) completely closed 2mm ear holes, while ear holes in the remaining
three MRL/MpJ were nearly closed (unclosed ear-hole areas at D60= 0.4 and 0.2mm,
respectively) (Figure 1A).
We also compared 4mm ear closure between MRL/MpJ and outbred Swiss Webster mice
and observed that none of these animals closed the holes (Figure 1B). Thus, our data
showed MRL/MpJ could only close small holes (2mm) but not large holes (4mm)
confirming results obtained previously by our group (Gawriluk, Simkin et al. 2016).
Given that MRL/MpJ mice closed ear holes to a larger extent than SW mice, we
wondered whether this was due to a faster rate of closure or rather an extended period of
closure. We tested the hypothesis that the kinetics of ear hole closure in MRL/MpJ was
greater compared to the kinetics of ear hole closure in SW mice. Ear hole analysis, we
observed that the amount of ear tissue closed at D60 was significantly different between
MRL/Mp and SW mice (t Test, t ratio= -3.77, p= 0.0009).Then, using a repeated measure
ANOVA with species and day as main effects we analyzed ear hole closure over time
across species. We observed that the difference between ear hole area at d5 and d10 is
statistically significant in both MRL/Mp (p=0.0059) and SW (p=0.0398) mice. In
10

contrast, we found no evidence that the difference in ear hole area between D10 and D15
or D15 and D20 was statistically significant neither in MRL/MpJ nor in SW mice.
However, the ear hole area decreased by 38% in MRL/MpJ at D10 compared to D5, and
the decrement continue until D20 by 32% on average (32% and 24% at D15 and D20
respectively). In SW, On the other hand, the ear hole area decreased 20% at D10
compared to D5, while in the time points following D10, the ear hole area did not
decrease. Our finding suggested that the ear hole area in MRL/MpJ continue to shrink
until D20, with a statistically significant drop until D10. Further, ear hole area in SW,
only decreased until D10 and stayed almost steady in the subsequent days. Lastly, linear
regression analysis showed there is a significant difference in the rate of closure between
MRL/Mp and SW mice at D5 and D10. Together, these data suggested that closure of ear
tissue in MRL/MpJ by D20 might be due to more production of new tissue which led us
to investigate if MRL/MpJ mice produced more ECM in the new ear tissue and compared
with the control.

3.2

MRL/MpJ Mice Form Scar Tissue in the Dermis
Previous observations in new tissue of regenerators suggested that complete ear-

hole closure results from the regeneration of new tissue while partial ear-hole closure in
other species occurs as a result of the fast accumulation of scar tissue (Gawriluk, Simkin
et al. 2016). To test whether MRL/MpJ close the ear hole through regeneration or by
scarring, we compared the structural pattern of intact (D0) and healed (D85) tissue from 2
and 4mm ear hole punches. In the intact tissue, there is elastic cartilage that divides
dorsal and ventral sides of the ear tissue. The ear tissue is thicker in the dorsal part with
11

the larger number of epidermally derived appendages (hair follicles and sebaceous
glands) compared to the ventral part of the ear tissue (Figure 2A), Although we observed
2mm ear hole closure in MRL/MpJ mice, D85 dermis analysis showed very limited
evidence of regeneration in MRL/MpJ .For instance, we did observe a couple sebaceous
glands past the amputation plane, although we could not determine if these were de novo
glands given their proximity to the wound margin (Figure 2B). Similarly, in 4mm healed
punches, we rarely observed a new sebaceous gland past the wound margin, although
they did occur (Figure 2C). While small nodules of new cartilage were observed in 2mm
holes, a small piece of new cartilage in 4mm ear holes did show nice organization
compared to uninjured ear tissue (Figure 2).We also analyzed the dermis at D85 using
Picrosirius red stain to see the difference in collagen deposition of the ear tissue with
different wound size in MRL/MpJ (Figure 2D-F). We didn’t observe any uniformed
extracellular matrix similar to intact wound dermis in any of the two sizes. In contrast, we
found mis-pattern and dense parallel bands of collagen deposited in either of each wound
size. Moreover, thin collagen fibers are present in the dermis of 2-mm and 4-mm ear hole
punch, although the amount of thin fibers in the wound site of both wound sizes is less
compared to intact dermis. Thus, this data supports that MRL/MpJ do not exhibit
complex tissue regeneration but does suggest that they might initiate a regenerative
response which is later aborted.

3.3

MRL/MpJ Mice Cells Exhibit Cell Cycle Progression and Division
Our previous data comparing regenerating and non-regenerating rodents demonstrated

that stromal cells in regenerators (e.g., Acomys spp) re-enter the cell cycle, proliferate and
12

divide in greater quantities compared to those that heal by fibrotic repair (Gawriluk,
Simkin et al. 2016). To further explore the more extensive closure in MRL/MpJ mice, we
tested the hypothesis that enhanced cell proliferation occurred in response to healing. To
do so, we measured the percentage of the cells that re-enter the cell cycle in MRL/MpJ
and SW mice. Ki67 has been used to mark cells in G1-, S- and G2/M-phase, but not those
that are in G0 (resting or quiescent) (Gerdes, Lemke et al. 1984). Examining healing
tissue, we found Ki67 positive cells in both MRL/MpJ and the control mice (Figure 3A).
We found no significant difference in the percentage of Ki67+ (cycling) cells at D10 or
D15, in mesenchymal cells between strains (Figure 3A).Next, we used stage-specific
markers to determine whether mesenchymal cells from both strains were actively
progressing through the cell cycle and dividing. A phosphorylated retinoblastoma (pRb)
protein activates target genes during the G1/S transition by releasing bound E2F1, thus
pushing cells into S-phase (Macaluso, Montanari et al. 2006). Quantifying pRb+ cells, we
found significantly more pRb+ cells in MRL/MpJ compared with the control mice at D10
(t Test, T = -2.394, P = 0.0328 (Figure 3B) These data show that MRL/MpJ had a
significantly higher percentage of the cells entering S phase at D10. Next, to quantify the
number of cells that were actively replicating DNA in S-phase, EdU was administered 3
hours before tissue collection. We found there was significantly more EDU + cells in
MRL/MpJ compared with the control mice at D10 (t Test, T= -2.01, P= 0.0449 (Figure
3C). Lastly, to label mitotic cells, we used phosphorylated histone H3 (PHH3). We found
significantly more PHH3+ cells in MRL/MpJ compared with the control mice at D15 (t
Test, T= -2.182, P = 0.0503 (Figure 3D). These findings show that although
mesenchymal cells in both strains re-enter the cell cycle (Ki67+), significantly more
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MRL/MpJ cells transit through S-phase and ultimately undergo mitosis (PHH3+) at D15.
Taken together, these data support that an enhanced, albeit small increase in the
proliferative population at D10 contributes to the greater ear hole closure observed in
MRL/MpJ mice.

3.4

Differences in ECM gene expression does not underlie increased ear hole closure in
MRL/MpJ mice
Previous work comparing regenerative versus fibrotic healing in ear punch wounds

revealed an ECM profile skewed towards greater expression of molecules that facilitate
cell proliferation and migration (e.g., fibronectin) and matrix remodeling enzymes (e.g.,
matrix metalloprotease 9 and 13) during regeneration and significantly higher expression
and deposition of Collagen type 1 during fibrotic repair (Gawriluk, Simkin et al. 2016).
To test the hypothesis that increased collagen production might explain the greater
production of new tissue in MRL/MpJ mice, we performed quantitative PCR at different
time points (D10, D15) and analyzed the expression of Col1a1, Col3a1, Fn1, and Mmp9.
We found there was no significant difference in Col1a1 gene expression between
MRL/MpJ and SW mice. In both strains, Col1a1 gene expression significantly increased
at D10 and decreased to the baseline at D15 (Figure 4A). in addition, we found that
Col3a1 gene expression did not change over time in MRL/MpJ mice, whereas it was
significantly elevated at D10 in SW mice (Figure 4B). Mmp9 expression was not
elevated at any timepoint in either species and did not significantly change over time in
either strain (Figure 4C). Lastly, analyzing FN1 gene expression over time, we found
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that it peaked at D15 in MRL/MpJ animals, whereas in SW mice Fn1 gene expression
dropped below baseline at D15 (Figure 4D).

3.5

MRL/MpJ mice exhibit larger macrophage population during inflammation
Tissue injury induces local inflammation driven by the infiltration of circulating

monocytes and activation of tissue resident immune cells (Zhang, Raoof et al. 2010).
Previous work in our lab reported macrophage numbers during tissue healing in
regenerative (Acomys) and non-regenerative species (Mus musculus) by using the panmacrophage marker IBA1 in a 4mm ear hole punch assay. This comparison revealed no
significant difference in the number among IBA-1+ cells between Mus and Acomys at
D5, D10 or D15 (Simkin, Gawriluk et al. 2017). Here, we carried out the same assay to
study whether enhanced ear closure in MRL/MpJ might be driven by a hyper-fibrotic
response controlled by macrophage secreted factors specifically observed in this strain.
Using immunohistochemistry to quantify the macrophage population (IBA1+ cells)
during inflammation in MRL/MpJ and SW mice, we found a significantly greater number
of IBA1+ cells in MRL/MpJ animals at D5, suggesting a stronger inflammatory response
to injury in MRL/MpJ mice (Figure 5A). The extent to which total macrophage numbers
and their persistence within injured tissue does not specifically reveal information about
how these inflammatory cells regulate regeneration and scarring. Instead, macrophages
can be polarized toward pro- and anti- inflammatory phenotypes when exposed to stimuli
in the injury site (Stout, Jiang et al. 2005). Previous work suggested that proinflammatory macrophages were reduced in number during regeneration (Simkin,
Gawriluk et al. 2017). Thus, we used CD206 as a marker for anti-inflammatory
15

macrophages with a resolving phenotype (Novak and Koh 2013) to test if the greater
number of total macrophages in MRL/MpJ was associated with resolution of
inflammation. While we did find a small, but significantly higher proportion of CD206+
cells in MRL/MpJ animals, they represented approximately 5% of the total macrophage
population suggesting that the higher numbers of total macrophages was associated with
a stronger inflammatory response in MRL/MpJ animals (Figure 5B).
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Figure 1 | MRL/MpJ fail to close 4mm ear holes.
(A) Ear hole area over time after 4- (dotted line) and 2-mm (solid line) ear hole punch
assay in MRL/MpJ mice. (B) Comparison of 4-mm ear-hole punch assay for MRL/MpJ
(black line) and SW (red line) indicating ear-hole area over time. Dotted lines were
placed at observed asymptotes for closure, showing only closure of 2 mm ear hole but not
4 mm ear hole in MRL/MpJ. Data represent mean and S.E.M with lines connecting the
means, and n is the total number of individuals observed. Linear regression analysis
showed the rate of ear hole closure is a statistically difference between MRL/Mp and SW
mice (Ear hole area = 15.302209 - 0.6012234*days post injury, p<0.0001).
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Figure 2 | MRL/MpJ mice form scar tissue in the dermis
(A) Representative image of intact (D0) ear pinna in MRL/MpJ stained with Masson’s
trichrome: muscle (red); cytoplasm (pink); collagen (blue); and nuclei (black). Scale bar,
50 µm. (B) Representative image of ear pinna tissue after 2mm ear punch in MRL/MpJ at
D85 stained with Masson’s trichrome showing closed ear hole with a very limited
evidence of regeneration. small nodules of new cartilage (green arrows) and sebaceous
glands (yellow arrows) are present, however, there is no evidence of hair follicles. (C)
Representative image of ear pinna tissue after 4 mm ear punch in MRL/MpJ at D85
stained with Masson’s trichrome showing open ear hole. While small nodules of new
cartilage were observed in 2mm holes, a small piece of new cartilage (green arrows) in
4mm ear holes showed nice organization compared to uninjured ear tissue. Amputation
planes (dotted line) are indicated. Scale bar, 50 µm. (D-F) Representative images of D85
tissue using picrosirius red stain viewed under polarized light to visualize thick (red) and
thin (green) collagen fibres. Mis-patterned and dense collagen deposited in both ear hole
sizes in MRL/MpJ. scale bar, 50 µm.
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Figure 3 | MRL/MpJ mice cells exhibit cell cycle progression and division.
(A-D) Percent positive cells (of total counted) for cell cycle markers (A) Ki67—cell cycle
re-entry, (B) pRb—G1/S transition, (C) EdU—active DNA synthesis and (D) pHH3—
mitotic cells (red and white arrows). (A) Percent Ki67+ mesenchymal cells are not different
between MRL/MpJ and SW at D10, D15. (B) Percent pRb+ mesenchymal cells are greater
in MRL/MpJ at D10 and are not different between them at D15. (C) Percent EdU+
mesenchymal cells are greater in MRL/MpJ at D10 and are not different between them at
D15. Percent PHH3+ mesenchymal cells are greater in MRL/MpJ at D15. n=4 for all time
points. Data represented as mean and s.e.m
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Figure 4 | Increased gene expression of FN1 is associated with faster closure rate in
MRL/MpJ mice.
Differences in ECM gene expression does not underlie increased ear hole closure in
MRL/MpJ mice.

20

Figure 5 | MRL/MpJ mice exhibit stronger inflammation.
Quantification of the total IBA-1+ cells in MRL/MpJ and SW ears at D5 normalized to
total HOECHST +. (A) Percent IBA-1+ cells are greater in MRL/MpJ at D5 (n=3, t Test,
T= -3.80, p= 0.0149). B) Percent CD206 +, IBA-1+ cells are greater in MRL/MpJ at D5
(n=4, t Test, T= -6.510, p= 0.0025). (C-D) Representative images of IBA-1+, CD206+
IBA-1+ area quantified in A and B. IBA-1 = green, Hoechst= blue, CD206= red. Scale
bars, 50 𝜇𝑚.
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CHAPTER 4. DISCUSSION
In this study we tested alternative hypotheses in an attempt to explain rapid ear hole
closure in MRL/MpJ mice compared with outbred laboratory mice (SW). We
hypothesized that MRL/MpJ mice experienced accelerated ear closure as a result of (1)
increased local cell proliferation, (2) increased ECM deposition and (3) a stronger
inflammatory response. Based on our results we found support for a small, but
significant increase in the cycling cell population which ultimately produced a greater
number of dividing cells at D15. This was coincident with a two-fold increase in
fibronectin expression. Preceding both of these events we also found a larger
macrophage population present MRL/MpJ mice. Thus, taken together we found support
for all three of our hypotheses which together likely contribute to enhanced ear closure in
MRL/MpJ animals. However, our comparison of 2- and 4-mm ear punch healing
between these strains of mice showed MRL/MpJ were incapable of sustaining their
initially more rapid response between D5 and D15 and thus ultimately failed to close
4mm defects.
Our previous work showed that one of the key differences between regeneration and
fibrotic repair is the presence of sustained cell cycle progression and expansion of the
local proliferative population in healing tissue. (Gawriluk, Simkin et al. 2016). Based
upon these findings, we initially hypothesized that MRL/MpJ might similarly experience
enhanced cell proliferation locally in response to injury to drive greater tissue production.
That we observed approximately three times more EdU+ cells at D10 in MRL/MpJ mice
compared to SW mice, which translated into a small but significantly higher number of
mitotic cells at D15 provided support for this hypothesis. Based on this data we infer that
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a small increase in cell proliferation is enough to close 2mm ear holes but not necessarily
to drive a regenerative response. Additional cross-species comparisons to other
regenerating rodents such as spiny mice might help explain our results. For example, our
previous study showed that both spiny mice and SW mice possessed similar numbers of
EdU+ cells early at D10, but that the proliferative population persisted only in spiny
mice. in both Acomys and Mus, Acomys exhibited the greater number of proliferative
cells persisting at D15 and D20. In Mus, however, proliferative index dropped
dramatically at D20. Using these findings, we predict a similar trend in Acomys and
MRL/MpJ in which the initial number of proliferative cells is the same in both strains at
D10 and D15 (could partially explain 2mm ear hole closure of MRL/MpJ), however, it
decreases dramatically in MRL at D20 (failure to close 4mm ear hole pinna). Our
previous study also showed the nuclear localization of p21 in Mus which involved in
inhibition of cell cycle progression and ultimately suggests the activation of cellular
senescence in response to injury (Brown, Wei et al. 1997, Jirawatnotai, Moons et al.
2003). Quantifying the number of mesenchymal cells that are positive for p21 in
MRL/MpJ and compare with Acomys could also explain this phenomenon. We speculate
increased number of p21+ cells in MRL/MpJ compared with Acomys which then suggests
the failure of 4-mm ear hole closure in MRL/MpJ.
Beyond cell proliferation, regeneration is a complex process that requires multiple
interacting processes that likely synergize to promote regenerative healing. To this end
we also examined the deposition and composition of prominent ECM molecules found
during regeneration and fibrotic repair. Although expected, we did not find a significant
difference in Col1a1 gene expression level between MRL/MpJ and SW mice at any time
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points. On the other hand, we did find significantly increased Fn1 expression at D15 in
MRL/MpJ suggesting fibronectin production might be conversely controlled from
collagen deposition. Studies have demonstrated that the ECM is initially formed from
fibronectin matrices peri-cellularly in wounds, which is later replaced by collagen
(McDONALD, Kelley et al. 1982, Hølund, Clemmensen et al. 1984, Lutz, Sakai et al.
2010). Interactions between Fibronectin and Collagen are mediated by binding sequences
found within the proteins themselves (Erat, Sladek et al. 2013, Kubow, Vukmirovic et al.
2015). Deposition of collagen occurred over fibronectin matrices which then protects the
matrix against the effects of microenvironments (Wang, Wu et al. 2017). We showed
there is more Fn1 gene expression compared with Col1a1 gene expression in MRL/MpJ
which suggests that less protection from Collagen will occur and FN will interact more
with the microenvironment. Data suggested that increased in binding affinity of FN for
integrin, it could regulate cells to migrate and proliferate (Manabe, Oh-e et al. 1997).
Although, we need to set up further experiment to check the protein level of the genes,
we suggest that more FN gene expression and less Col1a1 gene expression leads to less
protection of FN by Collagen and more interaction of FN to microenvironment and more
interaction with integrin and increased in binding affinity of FN for integrin which leads
to more cell migration and proliferation. Together, these data suggested that slightly
enhanced cell proliferation in MRL/MpJ, which does not sustain in later timepoints,
might lead to a faster rate of closure and FN1 could help facilitate the enhanced
proliferation and might help cell migration. Although MRL/MpJ still expresses the same
amount of Col1a1 gene as it does during scarring, producing scar tissue with a slightly
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enhanced proliferation leads to more closure but does not generate an actual regenerative
response.
During regeneration and fibrotic repair, tissue injury stimulates an inflammatory
response that is partly coordinated by macrophages (Zhang, Raoof et al. 2010).
Macrophages are known to control inflammation and are thought to regulate its resolution
whilst also acting to transition the repair process to new tissue production (Martin and
Leibovich 2005, Medzhitov 2008, Okabe and Medzhitov 2016). When an animal is
injured, macrophages accumulate in the injury site to kill pathogens and clear dead cells.
These processes require pro-inflammatory factors which in turn promote an inflammatory
response. Macrophages secrete cytokines and chemokines to recruit fibroblasts, promote
granulation tissue formation, activate myofibroblast transition, and promote collagen
production and deposition which ultimately leads to scar tissue formation (Ong, Ip et al.
1999, Lakos, Melichian et al. 2006, Aliprantis, Wang et al. 2007, Mori, Shaw et al.
2008). Dampening the inflammatory response by depleting leukocytes creates better
healing outcomes following damage to skin, skeletal muscle, and liver (Martin, D'Souza
et al. 2003, Duffield, Forbes et al. 2005, Novak, Weinheimer‐Haus et al. 2014). On the
other hand, depletion of phagocytic cells (e.g. macrophages and dendritic cells) inhibits
regeneration in axolotl limbs, zebrafish fins, neonatal mouse hearts and spiny mice ears
(Godwin, Pinto et al. 2013, Aurora, Porrello et al. 2014, Petrie, Strand et al. 2014,
Simkin, Gawriluk et al. 2017). Together, these data support macrophages as a key
regulator of fibrosis and regeneration. Therefore, it’s essential to understand macrophage
behavior to discover how these cells might be harnessed to modify the healing response.
In this study, we observed the greater number of macrophages in the wound site in
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MRL/MpJ compared with the control mice at D5 suggesting stronger inflammation in
MRL/MpJ. We have already showed that there is a slightly increased in proliferative
cells in MRL/MpJ. This could be due to the stronger inflammation occurred in MRL/MpJ
which stimulate cells to proliferate and the burst proliferation can only lead to a faster
closure rate not regenerative response.
Our previous study reported that, although macrophages present in both regeneration
and scarring, different macrophages phenotype contributed differently through
regeneration and scarring (Simkin, Gawriluk et al. 2017). We observed increased number
of anti-inflammatory macrophages (CD206+cells) in MRL/MpJ suggested that
inflammation is resolving quicker in MRL/MpJ compared to the control mice. Recent
data reported that through “cloaking” mechanism during local cell injury, resident
macrophages surround and hide very small lesion in order to prevent excessive
inflammation induced by neutrophils (Uderhardt, Martins et al. 2019). With that, study of
re-epithelization in MRL/MpJ could potentially explain the closure of smaller ear hole
pinna. significantly increased number of macrophages in MRL/MpJ in the wound site at
early time point, we speculate, may clock the wound area which ultimately lead to close
the smaller hole however, it’s not sufficient to close larger hole but more experiments
will be necessary to unravel this phenomenon.
Few mammalian models of complex tissue regeneration exist to test these underlying
ideas about how regenerative ability has involved in vertebrates. However, the study of
zebrafish, salamander, newts, and spiny mice, suggest that regeneration is a complex
process and involves many sub-processes. More experiments will be necessary to unravel
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why the MRL/MpJ is capable of enhanced wound closure and whether it represents a true
regenerative model?
One of the hallmarks of regeneration is the evidence of new hair follicle or new cartilage
formation (Gawriluk, Simkin et al. 2016).In the case of MRL/MpJ mice, though, we did
not observe any hair follicles, we did observe very few sebaceous glands or new cartilage
were being produced which could suggest very limited evidence of regeneration in
MRL/MpJ. moreover, although, our finding demonstrated that there is a slightly more
cell proliferation in MRL/MpJ compare with the control mice, whether the enhanced cell
proliferation was enhanced specific cell types, macrophage resident population or stromal
cells or endothelial cells, is still unknown and requires further experiment. Thus, the
future work will be breaking down the proliferative population cells by cell type to
determine whether it’s broadly all the different cell types or it’s a specific cell type which
leads MRL/MpJ to close faster.
Together, our study suggested MRL/MpJ mice might possess couple components
that could help facilitate faster ear hole closure, but not lead to a complete regenerative
response. A slightly increased in proliferative cell population that is not sustained in later
time points, increased FN1 gene expression which could facilitate proliferation and might
be helps to cell movement are the factors that might lead to the faster rate of closure.
Therefore, MRL/MpJ mice produces scar tissue with increased proliferation and
accelerated inflammatory resolution which leads to more closure but not an actual
regenerative response.
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